SUMMARY To determine if asynchronous segmental relaxation is associated with altered left ventricular (LV) diastolic function, we examined systolic and diastolic wall motion and function indexes in 16 patients without and 16 with asynchronous relaxation (groups 1 and 2, respectively). The segment with asynchronous relaxation was observed most frequently in the free anterior LV wall and was not consistently related geographically to coronary stenosis, nor to systolic asynergy in the same region, but was frequently accompanied by simultaneous segmental inward motion elsewhere in the ventricle.
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LV chamber volume stiffness during diastolic filling and at end-diastole was statistically similar in each group. Conversely, both T (58.3 ± 2.3 msec vs 41.0 ± 3.6 msec) and the isovolumic relaxation period (140.9 ± 7.5 msec vs 116 ± 6 msec) were significantly more prolonged, peak negative dP/dt was lower (1314 ± 57 mm Hg/sec vs 1604 ± 114 mm Hg/sec), and the y-axis intercept of the diastolic pressure-volume curve was higher in group 2 patients (7.96 ± 0.98 mm Hg vs 4.88 ± 0.93 mm Hg) (p < 0.05 for each), indicating impaired relaxation and altered diastolic tone.
With improved systolic function and relaxation properties after nitroglycerin, both the asynchronous outward relaxation and the inferior segment of simultaneous inward motion were ameliorated. Conversely, with increased ventricular preload and afterload induced by isometric exercise, both the asynchronous segmental outward motion anteriorly and the inward motion inferiorly were exaggerated.
Asynchronous segmental relaxation may represent a compensatory mechanism in areas of normal contraction that offsets abnormal inward motion elsewhere, tending to maintain isovolumic status of the ventricle.
OUTWARD segmental left ventricular (LV) wall motion during the isovolumic relaxation period of diastole is frequently observed in left ventriculograms of patients who undergo diagnostic cardiac catheterization. Gooch et al. ' initially described this phenomenon in patients with mitral valve prolapse, and attributed it to a functional myocardiopathy; however, it has more recently been reported both in normal subjects2 and patients with coronary artery disease.2-5 It has been given several descriptive designations, including diastolic asynergy,1 segmental early relaxation phenomenon,2 and pre-inflow relaxation. 5 The relationship between asynchronous early relaxation and alterations of LV performance has received little attention.
Recent evidence indicates that abnormalities of LV diastolic function during early relaxation may be important early indicators of global ventricular systolic or diastolic dysfunction.6 In addition, impaired protodiastolic relaxation may be associated with altered distensile properties during the filling phases of diastole. 6" 8 This study was designed to compare diastolic function evaluated during both the relaxation and filling phases and systolic function in patients with and without coronary artery disease, both in the basal state and under the influence of interventions that augment or impair LV performance.
Methods

Patient Selection
Thirty-two patients (26 For accurate measurement of diastolic pressures, high-fidelity micromanometer systems are necessary to avoid resonance artifacts associated with fluid-filled catheters and to provide adequate frequency response to measure dP/dt.Y-' The micromanometer system was calibrated electronically after initial equilibration with the pressure registered by the fluid-filled catheter; equilibration and calibration were checked immediately before each ventriculogram to preclude drift in the micromanometer system. Right ventricular pressures were recorded with use of #7F SwanGanz catheters. LV systolic (scale 0-200 mm Hg) and diastolic (scale 0-50 mm Hg) pressures, femoral arterial pressures (scale 0-200 mm Hg), right ventricular pressures (scale 0-50 mm Hg), and LV dP/dt (scale 400 mm Hg sec-'/cm), ECG, cine frame pulses, and an angiographic injection indicator, were recorded at a paper speed of 200 mm/sec.
After initial measurement of hemodynamics and careful positioning of the patient and radiographic system, right-and left-heart pressures were recorded during held submaximal inspiration without injection of contrast ("mock run") to discern the hemodynamic effects of the contrast injection per se. Left ventriculography was then performed with an ECG-triggered injector (Medrad Mark 4), injecting 40-45 ml of sodium and meglumine diatrizoate (Hypaque 76) over 3 seconds under identical respiratory conditions. After 20 minutes, during which baseline hemodynamics were restored, the intervention ventriculogram was performed either after administration of enough nitroglycerin sublingually (0.8-1.6 mg) to achieve a significant reduction (20- Pressure-volume coordinates were analyzed by fitting (least-squares technique) to the monoexponential function'6'-" P = bekV where P = left ventricular pressure (mm Hg), b = data constant, e = base of the natural log, V = left ventricular volume (ml), and k = the rate constant of the exponential pressure-volume relation used as an index of diastolic LV chamber volume stiffness in individual subjects.9 ' 10, 12, 19 To provide an indicator of the position of each subject's pressure-volume curve within a graphic pressure-volume coordinate system, exponentially fit pressure-volume curves were extrapolated to the pressure (y) axis at zero volume.9' 10, 12 This extrapolated index is a mathematic expression intended solely to indicate the position of the pressure-volume curve within the conventional coordinate graphic system in each patient under defined hemodynamic conditions, and has no specific physiologic analog.
To assess chamber volume stiffness under the various hemodynamic and ventricular geometric circumstances induced by the interventions, we used the rate constant "knorm" of the volume-normalized pressure-volume elasticity relationship.'2 20, 21 Diastolic function was also analyzed specifically at end-diastole in terms of operational end-diastolic chamber stiffness,22 and the asymptotic slope of the log pressure-log volume relationship at end-diastole, which at pressures above 10 mm Hg is relatively insensitive to ventricular geometry and pressure but sensitive predominantly to muscle stiffness. 21' 23, 24 LV early diastolic relaxation was analyzed in terms of peak negative dP/dt;2' and "T," an index of the time course of isovolumic relaxation26 that is independent of aortic systolic pressure and end-systolic LV volume and fiber length, minimally dependent upon heart rate, and independent of systolic myocardial shortening within the physiologic range of cardiac output;26 27 and the duration of isovolumic relaxation, determined angiographically as the interval between end-systole and the end of isovolumic relaxation, as indicated by the cineventriculographic frame immediately preceding that in which nonopacified blood first appeared in the inflow tract of the left ventricle. 28 The termination of isovolumic relaxation was clearly identifiable in all cases, and two expert observers agreed consistently.
Systolic wall motion abnormalities and asynchronous segmental early diastolic relaxation were diagnosed by visual inspection of cineventriculograms, and were readily observed by at least two independent observers during routine projection of cineventriculogramS.2 Segmental early diastolic relaxation was diagnosed when, after end-systole (defined as the last frame showing uniform inward motion of the ventricular walls, or the smallest ventricular cavity area in the presence of significant systolic asynergy), a segment of the LV wall exhibited discrete outward motion before the termination of isovolumic relaxation, and before outward motion was observed in the remainder of the LV wall, occurring in three or more normally conducted consecutive beats. 2 3 Systolic asynergy and asynchronous relaxation were confirmed by manual tracing of serial ventriculographic frames during the respective portions of the cardiac cycle, with superimposition of serial ventricular images throughout the cardiac cycle performed by alignment both of the aortic valve plane and the long axis between the apex and midaortic valve, together with the superimposition of a segment of spine or rib to ensure the absence of movement of the patient or radiographic equipment. 29 Quantitative changes in the extent of outward motion of the segment of asynchronous relaxation and inward motion of asynergic inferior wall segments were determined by analysis of chordal dimensions. A longitudinal axis from LV apex to midaortic valve plane was constructed upon the ventriculographic silhouettes traced at end-systole and maximum early relaxation, and chords constructed perpendicular to END SYSTOLE 
Results
Clinical and Angiographic Characteristics
Sixteen patients showed normal uniform diastolic wall motion; these patients make up group 1. Of these patients, 15 had normal systolic wall motion. Segmental hypokinesis was limited to the inferior wall in the remaining patient. Mitral valve prolapse was the only abnormality in seven of these patients; four had significant coronary artery disease (> 75% diameter) and two congestive cardiomyopathy. No cardiovascular abnormality was detected in the other three patients.
Sixteen patients showed asynchronous segmental diastolic relaxation; these patients make up group 2. Eight had hemodynamically significant coronary artery disease, three had mitral valve prolapse and two had congestive cardiomyopathy. No cardiac abnormality was detected in the remaining three patients. In group 2, 11 patients had systolic asynergy: nine had localized regional hypokinesis involving one or more myocardial segments, and two had diffusely hypokinetic wall motion characteristic of congestive cardiomyopathy. The remaining five patients had normal systolic wall motion.
The segment displaying asynchronous early relaxation was located in the anterobasal or mid anterolateral wall (as defined from the RAO ventriculogram) in each patient in whom the phenomenon was observed (figs. 1 and 2); however, in no patient was significant obstruction present in the subtending coronary artery (left anterior descending in each) proximal to the site FIGURE I. Selected 
Nitroglycerin
Ventriculography was repeated after nitroglycerin in eight group 2 and seven group 1 patients. In both groups, LV and femoral arterial systolic and diastolic pressures decreased significantly. In association with this reduction of preload and afterload, LV ejection function, as assessed by ejection fraction, mean circumferential fiber shortening rate, mean normalized systolic ejection rate, and the peak systolic pressureto-end-systolic volume ratio were significantly enhanced in both groups (table 2).
As in our previous studies,9' 10 the LV pressure-volume relation was translated downward after nitroglycerin, as confirmed by a decrease in the extrapolated value of the y-axis intercept of the pressurevolume relation. However k, knorm, operational enddiastolic chamber stiffness, and the asymptotic slope of the log pressure-log volume relation at end-diastole were insignificantly changed, suggesting the absence of alteration of intrinsic LV chamber or muscle stiffness properties after nitroglycerin.9 Conversely, the duration of isovolumic relaxation and T were significantly abbreviated, indicating enhancement of the rate of isovolumic relaxation. Peak negative dP/dt fell significantly after nitroglycerin, but this decrease may be attributed predominantly to concomitant changes in loading conditions, particularly aortic systolic pressure and ventricular end-systolic volume, and thus may not of itself indicate a significant alteration of ventricular relaxation properties. A small, statistically insignificant decrease in the RR interval occurred after nitroglycerin in both groups of patients. Changes in systolic and diastolic measurements after nitroglycerin were directionally concordant and quantitatively similar in groups 1 and 2 (table 2) .
Accompanying the enhancement of systolic ejection performance and facilitation of relaxation after nitroglycerin, segmental asychronous early relaxation disappeared entirely in seven patients and persisted minimally in the eighth ( fig. 3) . Superimposition of serial ventriculographic frames indicated that asynchronous inward motion of the inferior wall segment was also significantly reduced. Chordal analysis of these frames indicated an average reduction of 78.1% in the extent of outward motion of the segment of early relaxation and reduction of 56.6% in inward motion during isovolumic relaxation of the inferior asynergic segment (p < 0.01 for each). Values are mean ± SEM. Abbreviations: pre-NG = before nitroglycerin; post-NG = after nitroglycerin; LV = left ventricular; LV P-V relation = LV diastolic pressure-volume relation (exponential fit); T = time constant of isovolumic relaxation.
Isometric Handgrip Exercise
Ventriculography was repeated during handgrip in six group 2 and eight group 1 patients. LV systolic and diastolic pressures rose similarly in both groups. LV end-diastolic and end-systolic volumes increased significantly and systolic performance decreased, with significant reduction of ejection fraction, mean circumferential fiber shortening rate, mean systolic ejection rate, and peak systolic pressure/end-systolic volume ratio (table 3) .
Although in association with the increased LV preload and afterload diastolic pressure-volume curves were translated upward (as indicated by an increase of the y-axis intercept of the pressure-volume relation), chamber volume stiffness as assessed by k, knorm, operational end-diastolic stiffness, and the enddiastolic log pressure-log volume relation was unchanged, in agreement with the results in our previous reports.'2 However LV relaxation was attenuated, as indicated by significant prolongation of the isovolumic relaxation time and T, while the extent of relaxation as assessed by peak negative dP/dt, was significantly reduced. A small and statistically insignificant decrease in RR interval occurred during handgrip exercise in both groups. Again, changes in LV systolic and diastolic function were directionally concordant and quantitatively similar in each group.
Concomitant with the decrease in systolic ejection performance and attenuation of relaxation induced by segmental relaxation and altered diastolic chamber stiffness is suggested in our patients, though the association is inconsistent and universally statistically significant. Thus, LV diastolic pressures, k, knorm, operational end-diastolic stiffness and the end-diastolic log pressure-log volume relation were all appreciably greater in patients with asynchronous relaxation, although the differences between the groups did not reach statistical significance. However, in patients with asynchronous relaxation, pressure-volume curves were positioned significantly higher on the pressurevolume graphic system (as indicated by a greater value of the y-axis intercept of the pressure-volume curves), a finding that has been related to increased "diastolic tone"38 and attributed to sustained contraction or a failure of relaxation." Most important, however, asynchronous relaxation was consistently accompanied by impaired LV global relaxation properties. The present study confirms the frequent occurrence of segmental inferior wall motion synchronous with the outward motion of the prematurely relaxing segment located in the anterior ventricular wall. The presence of significant stenosis in the coronary arteries subtending the asynergic inferior wall segment, and the absence of coronary disease proximal to the prematurely relaxing segment in the anterior wall suggests that the inferior wall inward motion may be the primary functional abnormality. The association between abnormal asynchronous wall motion during isovolumic relaxation and alterations of ventricular global diastolic function, ventricular loading conditions and transient acute myocardial ischemia is suggested by the differential responses of the early relaxation phenomenon to nitroglycerin compared with isometric stress. Thus, in patients displaying segmental early relaxation, ventricular end-diastolic volume decreased and systolic function significantly increased after administration of nitroglycerin (table  2) . Although diastolic chamber stiffness was unchanged, diastolic pressure-volume curves were significantly translated downward, as manifested by the lower y-axis intercept of the extrapolated pressurevolume relation. T and the duration of the isovolumic relaxation period were both significantly shortened. Since the average RR interval was insignificantly changed after nitroglycerin, these changes were not attributable to increased heart rate. Although peak negative dP/dt decreased, the physiologic significance of this change is questionable in view of the dependence of this variable on loading conditions. Concomitant with improved systolic and diastolic function and facilitation of the relaxation process, abnormal inward wall motion in the inferior wall was reduced and outward early relaxation ameliorated in all but one patient, in whom the phenomenon persisted minimally.
Conversely, when ventricular preload and afterload were increased during isometric exercise, end-diastolic ventricular volume increased and ejection function decreased significantly. Although ventricular diastolic chamber stiffness was unchanged, pressure-volume curves were translated upward and isovolumic relaxation was significantly attenuated, with a decrease in the extent of relaxation as assessed by peak negative dP/dt. The average RR interval was unchanged; thus, the prolongation of isovolumic relaxation is not attributable to alteration of heart rate.
Comcomitant with the impairment of both systolic and diastolic LV functional properties during isometric exercise, the extent both of asynchronous inward motion inferiorly and of outward motion anteriorly were exaggerated in all patients. However, in no patient was early relaxation produced de novo, indicating that the early relaxation phenomenon was not merely a response to augmented ventricular loading conditions.
